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Abstract

Background: A puzzle in evolution is the understanding of how the environment might drive subtle phenotypic
variation, and whether this variation is adaptive. Under the neutral evolutionary theory, subtle phenotypes are almost
neutral with little adaptive value. To test this idea, we studied the infraspecific variation in flower shape and color in
Mammillaria haageana, a species with a wide geographical distribution and phenotypic variation, which populations
are often recognized as infraspecific taxa.

Results: We collected samples from wild populations, kept them in the greenhouse for at least one reproductive
year, and collected newly formed flowers. Our first objective was to characterize tepal natural variation in M. haageana
through geometric morphometric and multivariate pigmentation analyses. We used landmark-based morphomet-
rics to quantify the trends of shape variation and tepal color-patterns in 20 M. haageana accessions, belonging to

five subspecies, plus 8 M. albilanata accessions for comparison as the sister species. We obtained eight geometric
morphometric traits for tepal shape and color-patterns. We found broad variation in these traits between accessions
belonging to the same subspecies, without taxonomic congruence with those infraspecific units. Also the phenetic
cluster analysis showed different grouping patterns among accessions. When we correlated these phenotypes to

the environment, we also found that solar radiation might explain the variation in tepal shape and color, suggesting
that subtle variation in flower phenotypes might be adaptive. Finally we present anatomical sections in M. haageana
subsp. san-angelensis to propose some of the underlying tepal structural features that may give rise to tepal variation.

Conclusions: Our geometric morphometric approach of flower shape and color allowed us to identify the main
trends of variation in each accession and putative subspecies, but also allowed us to correlate these variation to the
environment, and propose anatomical mechanisms underlying this diversity of flower phenotypes.
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Introduction himself. Flower evolution has been adopted as a model
The nature of phenotypic variation is a problem that to understand these bases of natural variation [1]. On the
perplexed generations of scientists, including Darwin  one hand, when discrete variation has been observed, for
instance in flower color, it has been possible to associate
it to the underlying biochemical pathways [2], or to selec-
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Full list of author information is available at the end of the article subtle, identifying its underlying bases is rather a difficult

task. Based on what has been observed in other model
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organisms (i.e. yeast) [5], whether the variation is sub-
tle or discrete, one can predict that the whole breath of
phenotypic variation is mainly adaptive but this assump-
tion is contingent to the specifics of the measured phe-
notypes. In other words, not all quantified phenotypes
might be important for natural selection, and not all phe-
notypes under natural selection have been quantified.
Thus, when studying subtle variation in naturally occur-
ring variants, robust and unbiased phenotyping methods
are ideal.

The raise of geometric morphometric methods has
aided the less biased characterization of organs and
organisms based on predetermined landmarks, from
which the main trends of variation are extracted. Thanks
to them, complex phenotypes have been quantified and
even genetic bases underlying them have been identified
for other organs [6], as well as flowers [7, 8]. Here we use
geometric morphometric approaches to quantify floral
attributes in the highly complex floral organ of cacti.

In cacti, flowers are described as specialized buds
embedded in the tissue of a stem. That is, the ovary is
surrounded by material derived from stem or recep-
tacle tissue, forming a structure called pericarpel. The
other structure that makes up the flower is the perianth,
composed of sepals and petals that develop in a spiral
arranged with a gradual transition from green bracts to
pigmented structures [9]. The set of both whorls that
cannot be distinguished within the first and second
whorls are called tepals [10]. Typically, the genus Mam-
millaria Haw. has a particular type of perianth: flowers
are infundibuliform and have a short perianth and a bare
pericarpel [11]. In particular, the Mammillaria haageana
Pfeiff. flower has a long receptacle tube, the outer tepals
are linear-lanceolate with pink to purple pigmentation,
and the inner tepals are pink to purple with a darker pink
middle stripe [12].

In a previous study, we tested the monophyly of the
Series Supertexta in Mammillaria, a group that estimate
to have diverged from its sister Series (Polyacanthae),
approximately 2.1 Ma ago [13]. Within the Series Super-
textae, one of the accepted classifications [14] recognizes
nine species, which include: M. albilanata Backeb., M.
crucigera Mart., M. columbiana Salm-Dyck, M. dixan-
thocentron Backeb., M. flavicentra Backeb., M. haageana,
M. halbingeri Boed., M. huitzilopochtli D.R.Hunt, and
M. supertexta Mart. Ex Pfeiff.. Within M. haageana, six
subspecies have been recognized [15], which include
the subspecies: M. haageana subsp. haageana, M. haa-
geana subsp. acultzingensis (Linzen et al.) D.R.Hunt,
M. haageana subsp. conspicua (J.A.Purpus) D.R.Hunt,
M. haageana subsp. elegans D.R.Hunt, M. haageana
subsp. meissneri (C.Ehrenb.) U.Guzmdan, M. haageana
subsp. san-angelensis (Sénchez-Mej.) D.R.Hunt, and M.
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haageana subsp. vaupelii (Tiegel) U.Guzméan. Among
these species, we found that M. haageana units have a
convoluted evolutionary history, that might involve M.
albilanata evolutionary units [13]. This is the reason
why we decided to identify patterns of floral variation in
M. haageana and include M. albilanata as a group for
comparisons.

Thus, in this study, geometric morphometrics is used
as a method to quantify complex flower phenotypes,
and we test whether there is a link between subtle phe-
notype evolution and the environment within a cacti
species (Fig. 1). Secondly, we evaluated taxonomic rela-
tionships within the species Mammillaria haageana.
We also hypothesize that the morphogeometric varia-
tion patterns of the perianth of M. haageana support the
grouping of infraspecific taxa of the current classification
[15]. Therefore, this study aims to characterize, through
morphogeometric analysis, the natural variation of the
perianth of M. haageana. With this, we aimed at identi-
fying what environmental factors might be driving trait
evolution in the Mammillaria haageana perianth, as well
as the understanding of patterns of morphogeometric
variation that might allow the clarification in the classifi-
cation of infraspecific taxa within the species. Finally, we
performed anatomical studies of perianth sections in M.
haageana subsp. san-angelensis to propose some under-
lying structural features of the tepal that can provide
information about the tepal evolution.

Results

Four shape principal components describe tepal variation
in M. haageana and its sister species

We characterized shape and color-pattern variation in
a collection of 20 M. haageana accessions that belonged
to the six subspecies as previously proposed [15], plus
eight accessions from the sister species M. albilanata,
giving a total of 717 tepals, from 272 flowers, from 28
accessions. We have recently used some of these acces-
sions to characterize the natural variation in root archi-
tecture development [16]. To perform the tepal shape
analysis, we flattened the perianth and fitted a 13-land-
mark template on each studied tepal (Fig. 2). First, to
extract the tepal shape variation, we performed a Prin-
cipal Component Analysis (PCA) with Procrustes for
rotation, translation, but not size, because size is one of
the features that display variation among the M. haa-
geana accessions.

We found that 99% of the variation was covered by
eight Principal Components (PCs), but the 7th and 8th
capture less than 0.1% of the variation in each, and their
variation was so subtle that could not be described. The
first 6 PCs captured 98.59% of the variation in tepal shape
(Fig. 3). The first shape Principal Component (PClg) a
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Fig. 1 Mammillaria haageana (and its sister species M. albilanata) distribution and phenotypes, color-coded according to the previously assigned
subspecies. a Distribution of collected plant materials. b Plant and flower phenotype variation
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Fig. 2 Template used for the point model in the morphometric analyses. a 13-point model template, including primary landmarks (grey dots), and
semi-landmarks landmarks (black dots). b Point-model template overlaid on a tepal from a flattened flower

large proportion of the variation (86.19%) confirming
that M. haageana displays wide phenotypic variation in
tepal size. Accordingly, PClg seems to capture the tepal
lamina length. PC2g is an orthogonal axis to PClg, and
therefore should capture the shape, regardless of the size;
thus PC2g captured 5.76% of the variation and seems to

quantify the tepal lamina width. PC34 captured 2.22% of
the variation, and seems to capture whether the tepal is
tilted towards the left or the right; however we believe
this to be an artefact of the tepal flattening process, and
therefore it was not taken into account. PC5¢ captured
2.16% of the variation, which seems to capture aspects

-2SD mean +2 SD variation description

PC1, % % k 86.19 % Lamina length

PC2, \ % % 5.76 % Lamina width

PC3, % % % y 3y L A—

PC4, % % % 2.16% Lamina shape

PCS, % \ % 165% oo

PC6 0.61% Lamina rnlddle

S
section

Fig. 3 Tepal shape and size is described by at least six Principal Components (PC,). The deviations from the mean shape (black outline) are
represented in blue (— 2 standard deviations) or in red (42 standard deviations). The percentage of explained variance is shown, together with our
description of the corresponding PCs trend
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Fig. 4 Tepal shape and size variation according to the PC; axes. a,c,e,g depicts the PCs groups according to the previously proposed subspecies.
b,d,f,h depicts the PCs groups according to their corresponding accession. Boxplots show the Q1, Q2, and Q3 quantiles, and outliers. Statistically
homogeneous groups from a Dunn test (p < 0.05) are also depicted with letters

of the tepal lamina shape, such as the width of the proxi-
mal end, or the sharpness of the distal end. PC5g captures
1.65% of the variation but similar to PC3, we believe this
to be an artefact of the teal flattening process, and thus it
was not further considered. PCé6g captures 0.61% of the
variation and seems to describe the width of the middle
section of the lamina. These four shape Principal Compo-
nents (PClg, PC2g, PC4g and PC6g) were then considered
to evaluate shape variation in M. haageana accessions,
plus its sister species M. albilanata.

We then plotted the biologically meaningful shape
PCs according to their subspecies or their acces-
sion (Fig. 4). We noted that according to PClg, M.
albilanata has the smallest tepals, while M. haa-
geana subsp. conspicua and M. haageana subsp.
meissneri had the largest tepals (Fig. 4a). Concerning
the lamina width regardless of size (PC2g), M. haa-
geana subsp. acultzingensis had the widest tepals,
while M. haageana subsp. meissneri had the narrow-
est tepals (Fig. 4c). On lamina shape (PC4g) M. haa-
geana subsp. haageana had the widest distal end of
the tepal, but there were no differences between M.
albilanata as compared to three other M. haageana
subspecies (Fig. 4e). On the lamina middle section
(PCé6g), the subspecies had broad variation and lit-
tle distinction was observed between them (Fig. 4g).

Despite the variations observed between subspecies,
differences between accessions belonging to the same
subspecies were far more striking. For instance, on
PC1g we observed ample variation within the M. haa-
geana subsp. conspicua accessions, or M. haageana
subsp. haageana accessions; but a similar pattern was
observed within the M. albilanata accessions (Fig. 4b).
This pattern was also observed in the other shape
traits PC2¢, PC4, and PC6¢, which was less obvious in
the later. In other words, each accession has a distinc-
tive set of shape traits, which seemingly do not agree
with their assigned subspecies.

Four color principal components describe tepal variation

in M. haageana and its sister species

Using the geometric morphometric landmark data-
points, we warped all the tepal images into the mean
shape, using 10,000 pixels contained in the polygon
(Fig. 2) in the RGB channels (30,000 pixels). With this
new dataset, we performed a PCA to extract the main
trends of variation in tepal color. 95% of the variation
was captured by 47 color PCs. We only present the first
6 PCs, as they seem to capture trends of variation easily
be visualized (Fig. 5). Other PCs have very subtle trends
that could not be described (data not shown). The first
color Principal Component (PC1.) seems to capture the
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Fig.5 Tepal color is described by at least six Principal Components (PC.). The deviations from the mean shape are represented to the left (—4
standard deviations) or to the right (44 standard deviations). The description of the PC- trend is shown

color saturation; the PC2. captures the hue of the tepal;
PC3. captures the proximal-distal hue of the tepal, and
PC4 captures the mid-stripe hue. PC5. seems to cap-
ture left-right hue, which we believe to be an artefact
because the right or left-handedness of the pigmenta-
tion is not observed in M. haageana natural accessions.
PC6 was also not described and further considered, as
the variation it captures is very subtle. Thus, we propose
four color geometric morphometric traits (PCl., PC2,
PC3¢ and PC4.) in M. haageana (and M. albilanata)
to compare pigmentation patterns between and within
subspecies.

Similarly to what we did on the shape, we plotted the
biologically meaningful color PC. according to their
subspecies (Fig. 6). Regarding saturation (PCl.), we
found little variation between most M. haageana sub-
species, except for M. haageana subsp. haageana which
has lighter saturation tones; on the other hand, M. haa-
geana subsp. san-angelensis has darker saturation tones
(Fig. 6a). Concerning hue (PC2.), M. haageana subsp.
acultzingensis had more reddish tepal color as com-
pared to the rest of the M. haageana subspecies, but M.
albilanata had the rather magenta tepal colors (Fig. 6c).
On the proximal-distal tepal hue (PC4), and similar to
the distinctive patterns observed in PCl., M. haageana
subsp. haageana has darker magenta pigmentation
towards the apex, whereas M. albilanata has a darker
magenta color towards the proximal end of the tepal

(Fig. 6e). In other words, M. haageana subsp. haageana
and M. albilanata share pigmentation patterns, but not
with the complement of subspecies recognized in M.
haageana, based on PCl. and PC4. Finally, the mid-
stripe tepal hue (PC6.) is more prominent and noticeable
in M. haageana subsp. haageana, further supporting the
distinction of this subspecies from the rest (Fig. 6g).

While differences in color-pattern variations were
remarkable between subspecies, when comparing acces-
sions only PCl. and PC4. showed broad differences
between accessions, even from the same subspecies. This
was the case of M. haageana subsp. meissneri on PCl,
in which CCO031 has significantly lower PC1. value (sat-
uration) than CCO030. Another example is the A. albi-
lanata accession CC044 in which there is ample variation
between individuals of the same accession, that is notice-
able by the amplitude of the boxplot (Fig. 6b). Remark-
ably, M. haageana subsp. haageana accessions are similar
to one another in PC1.- and PC4.

Phenetic analyzes suggests possible natural groups

Both shape and pigmentation analyses provided quan-
titative parameters of novel axes to compare the acces-
sions of M. haageana and its sister species M. albilanata.
As shown in Fig. 4 and Fig. 6, some traits partially reca-
pitulate subspecies classifications, but others do not. To
unravel the possibility that these traits could recapitu-
late the subspecies classification, a series of multivariate



Rosas et al. BMC Plant Biology

(2022) 22:52

Page 7 of 14

-20000] il 5 5
-15000, B
10000f ‘ $55 83 $ 398
o — — Tes5 2 P 43
S-suuu T a i a MR EE tsms

: ; g _ ¢ iy K
: _— " 2

B oo =F ! =g LEL

.muun . — : . = i : i
1500 TR WM MW O NS E NN SN OO0 N Yo NN o Em

" FRNERY 2
M.h acu M.hcon M.hhaa M.hmei M.hsan-ang M.alb g§8888 838885888888 s88838¢2 §§
CO0C00Pg Jdooo 88860805080 50586856388805¢0
— : — w g e =gy = =
.-smm e —r L —_ C ' -6000 - ?%%%Eig"}g'f; ?‘ﬁiﬂﬁ - £
=== i i ; — H ] -
4000 . b b " bed d 4000 = @ = 3 "E’ = B 2
—_ — H - i 8

§ — ‘ ' - Bigdectial. "y

O o ] ] ! ! 0 - SR ol H -

a ] i : . a ﬁ ;

20004 — i —— . 2000 .

‘ 4000] . i . 4000 i

- A ] o

M.h acu M.h con M.hhaa M.hmei M.hsan-ang M.alb SN NS N2aR§ 22
00V 000000V c o 9

58888888 %§ S8

‘-4000 0 e . -4000 %_:-: E" 5 %

-2000] -2000 & WL g 5 8 =

1 g !

S . — —ab— 3 . TRERRRE 1
TR

2 - e S - g

n'aouu 4000 . éf*;

. 6000 | . 6000, ? el

- I T A =
M.h acu M.hcon M.hhaa M.hmei M.hsan-ang M.alb §§§§§§g§§g§3§g§§§g§m§§§§§§§§
So800699859089888808055658385308586586883838
-4000. . u. —= T3 & =
' “‘°°° 3 ¥ g 838;: Zeg, I :¢:th

S 3 3 B "Ee o 2 LE3E

Q -2000 b Q -2000 i T ® L n S gy - k3 L& 2 L
: H H 1 i ]

S S . ‘E.-., EECE Bom

a a i ; ‘ :

' 4000. ‘ 4000 H i * i 1 <

=
b

M.h acu M.hcon M.hhaa M.hmei M.hsan-ang M.alb

homogeneous groups from a Dunn-test are also depicted with letters

Fig. 6 Tepal color variation according to the PC. axes. a,c,e,g depicts the PC groups according to the previously proposed subspecies. b,d,f;h
depicts the PC groups according to their corresponding accession. Boxplots show the Q1, Q2, and Q3 quantiles, and outliers. Statistically

ccosd - {I[H}-efe
B

CCo3y

T RO oW
FEE R
888888
0900000
[sER=JR= IR = AN v}

Cco29 +
€co27
CCo39 ¢
ccoas
€Co20
€co2y
€co22
Cco23
Cco24
€co25
€Co2g
CCo32
san-ang

o
g
o
o

Ccoa4

analyses were performed. First, a Linear Discriminant
Analysis (LDA) with shape traits was implemented to
test whether the four PCg parameters separated the five
subspecies plus the sister species (Fig. 7a). This model
gave a precision of 65.45% in the correct assignment of
accessions. In other words, in an LDA, the four shape
components in M. haageana failed to create a distinc-
tion between the five subspecies and the sister species.
Subsequently, the four parameters corresponding to pig-
mentation were tested (PCc). The model gave a 80.67%
accuracy in assigning the accessions to the subspecies.
Nevertheless, in this analysis it was possible to see the
separation of two groups of accessions corresponding to
M. haageana subsp. conspicua and M. haageana subsp.
san-angelensis (Fig. 7b). Finally, we performed a third
LDA combining the eight components corresponding to
shape (PCg) and color (PC). This model has an accuracy
of 71.32% in assigning subspecies. In this case, the two
groups of accessions that separated from the rest were
the species M. albilanata and the subspecies M. haa-
geana subsp. haageana (Fig. 7¢). In summary the LDA of
shape and pigmentation parameters only partially reca-
pitulated some of the previously proposed taxonomic
units [15].

We also used another multivariate method based on
Euclidean distances to test whether the taxonomic units

can be recapitulated. This gave groupings between the
accessions based on shape and color. It was observed that
the accessions CC020, CC021 and CC022, correspond-
ing to the subspecies M. haageana subsp. haageana, are
grouped in a single branch as compared to the rest of the
accessions (Fig. 7d). This result might indicate that the
combination of shape and color parameters in M. haa-
geana subsp. haageana could indeed define this group as
a subspecies within M. haageana.

Pigmentation patterns are known to have impacts
on color reflectance, and therefore color perception by
pollinators, as demonstrated in Antirrhinum [17]. In
order to test whether the environment might play a role
in determining tepal pigmentation patterns in M. haa-
geana, we performed an association analysis of solar
radiation with our shape and color PCs (Fig. 8a). Inter-
estingly, we found several correlations between solar
radiation, with tepal shape and color. For simplicity, we
show the plots of the six highest correlations between
the environment and tepal attributes (Fig. 8b-g).
Regarding tepal shape, we found that global horizontal
radiation (GHI) and air temperature (TEMP) were neg-
atively correlated with PC2 (lamina width) (Fig. 8b-c),
implying that narrower tepal accession originates from
cooler locations with lower global horizontal irra-
diation, while wider tepal accessions originated from
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warmer and higher global horizontal irradiation loca-
tions. We also found a positive correlation between the
organ shape parameter PC6g (lamina middle section)
and global horizontal radiation (GHI) (Fig. 8d), which
interpretation requires further examination. Regard-
ing tepal color, we found that PCl1. (saturation) has a
negative correlation with diffuse horizontal radiation
(DIF) (Fig. 8e); this means that darker tepals are pre-
sent in accessions originally from locations with lower
DIF, while lighter tepals are present in accessions origi-
nally from locations with higher DIF. Another inter-
esting negative correlation was found between PCl.
(saturation) and air temperature (TEMP) (Fig. 8f), in
which paler tepals (low PCl.) were from accessions
originally from lower TEMP locations, as opposed to
darker tepals (high PC1.) which were from accessions
from higher TEMP locations. On the other hand, PC4,
(mid-stripe tepal hue) was positively correlated with
direct normal radiation (DNI) (Fig. 8g), in which the
more noticeable mid-stripe (low PC4.), the lower DNI;

meanwhile the less noticeable mid-stripe (high PC4)
the higher DNI. Overall, these results allowed us to
establish a link between tepal shape and pigmentation
patterns, and the environment, which might definitely
have adaptive bases.

In order to provide a possible anatomical explana-
tion on the origins of shape and color variation in M.
haageana tepals, we examined the tepal anatomy of M.
haageana subsp. san-angelensis (Fig. 9). To do this we
performed histological sections of the proximal, middle,
and distal sections of the tepals, and characterized the
tepals qualitatively and quantitatively. We obtained that
epidermis of the abaxial and adaxial sides are fairly sim-
ilar to each other, and also similar cell size at the distal
or proximal end of the tepal. These sections suggest that
color variation along the transversal and longitudinal sec-
tions of the tepal lamina does not originates within the
epidermis cell shape, and possibly the variation between
accessions either. Thus, the variation in tepal color that
we characterized between accessions must be given by
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the variation in betalain (purple color) and betaxanthin
(yellow color) pigments, which concentrations remain
to be quantified. Last, within the mesophyll we found
large mucilage bodies, which sometimes seemed to be
large single cells, but in some other cases, these mucilage

bodies were surrounded by small cells. These mucilage
bodies had a variety of sizes and occupied most of the
mesophyll tissue towards the distal part of the tepal and
were rather small at the proximal end of the tepal. On the
other hand, the tepal was highly vascularized towards
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Fig. 9 Cross-section of in Mammillaria haageana subsp. san-angelensis along different longitudinal regions. a-b distal section, c-d middle section,
and e-f proximal section. A modeled tepal is shown on the left-hand side for reference. abE abaxial epidermis, adE adaxial epidermis, mb mucilage
body, light asterisk indicates vascular bundles, and black arrows represent mesophyll cells

the proximal end, but fewer or smaller vascular bundles
were observed towards the distal end. In leaves, vascular
bundles are more prominent towards the leaf base, and
at the apex they become mere vascular endings with tra-
cheal elements. In the context of cacti tepals, this inverse
relationship of vasculature versus mucilage bodies in the
mesophyll might be part of the tepal adaptation for the
flower to avoid desiccation towards the distal end, but
maintain water flow towards the proximal end. Finally, to
contextualize what we observed in M. haageana subsp.
san-angelensis, we found that tepal anatomy is fairly simi-
lar to what has been observed in tepals of Epiphyllum
phyllanthus [18], another distantly related cacti species,
suggesting that tepal anatomy is fairly constant in the
Subfamily Cactoideae.

Discussion

In this work we studied the natural variation of flower
shape and color between subspecies and accessions of M.
haageana and its closely related species M. albilanata.
Using geometric morphometric methods, we established
eight multivariate quantitative parameters to describe
variation on several tepal features. When grouping
together the tepals from each subspecies, we found little

variation between the allometric phenotypes, however,
when teasing apart the variation from each accession,
we found a wide range of variation within each subspe-
cies. One exception was M. haageana which in at least
four allometric parameters were distinctive from the rest.
The other exception was M. albilanata which in some
other parameters were distinctive. Phenetic multivari-
ate analyses using the geometric morphometric param-
eters showed that the subspecies, except for M. haageana
subsp. haageana and M. albilanata, show that accessions
do not group together according to the subspecies they
belong to. In fact, the accessions rather group according
to global horizontal irradiation (GHI) and mainly, among
other environmental factors. This can be interpreted in
two ways: a) the evolution of shape and size in M. haa-
geana is independent from subspecies divergence, or b)
the current subspecies classification is not natural. Fur-
ther studies are required to respond to this issue.
Pollinator occurrence can sometimes explain flower
color variation within species, but in some other
instances it is rather abiotic factors such as temperature
and solar irradiation what underlies color variation, as
was the case of Campanula americana (Campanulaceae)
[19]. This is because solar irradiation indirectly affects
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the pollinator behavior by modifying floral temperature,
or color perception. Nevertheless, it has also been found
that floral color variation can also be explained by phe-
notypic plasticity. This was the case of the selfing spe-
cies Boechera stricta (Brassicaceae), whose flower colors
in natural populations ranges from mostly white, to
pink and purple colors; it was found that floral pigmen-
tation was higher when plants were studied in the field,
as opposed to plants in greenhouse conditions; yet from
the later experiments it was determine that flower color
is highly heritable when comparing populations [4]. The
authors proposed that increased flower pigmentation is
correlated to biotic and abiotic stresses in natural condi-
tions. This poses the possibility that M. haageana flower
shape and color variation might be a byproduct of solar
radiation on pollination behavior, or that this variation
might give fitness benefits under the wide range of envi-
ronments where the accessions originate from.

Resolving the phylogenetic relationships between and
within species of the Mammillaria genus has been a chal-
lenging puzzle for cacti taxonomists. Here we addressed
the problem of floral attribute variation in M. haageana,
taking into account several accessions belonging to sub-
species according to previous classifications [15]. Yet, in
most cases our tepal shape and color analyses did not
manage to recover the proposed infraspecific categories.
Some possible explanations are that: a) the infraspecific
classification is natural, but M. haageana flowers have
evolved independently from the diagnostic charac-
ters that were used to establish the subspecies, or b) an
update on the infraspecific categories is required, taking
into account not only floral characters, but vegetative and
genomic evidences. Nevertheless, our multivariate analy-
ses clearly identify some of the previously proposed taxa,
such as M. haageana subspecies haageana, suggesting
that this group might indeed be natural.

Ample evidence has demonstrated the close relation-
ships between pollinators and the reproductive success
of several cacti species [20—23]. In this regard, in other
model species such as Antirrhinum (Plantaginaceae), epi-
dermal cell shape could modify the color and perception
of pollinators [17]. Although we only studied one acces-
sion (M. haageana subsp. san-angelensis) and pigmenta-
tion patterns vary along the transversal axis of the tepal,
we did not find evidence of epidermis cell shape varia-
tion along the transversal or longitudinal sections, pos-
sibly suggesting that natural variation in pigmentation
patterns might be rather explained by the type of pig-
ments contained within the tepals. Furthermore, given
the proportional size of the mucilage bodies within the
mesophyll of the tepals, it is possible that within these
mucilage bodies, the pigments (in cacti mainly betalains
and betaxanthins) are stored, as well as in the epidermal

Page 11 of 14

cells, or subepidermal cells as has been previously found
in cacti stems [24]. Regarding this, cacti flowers are
severely exposed to high irradiation and temperature,
and the presence of abundant mucilage bodies in the
mesophyll might be an important anatomical adapta-
tion to cope with those challenging environments. Given
our observed correlation of solar irradiation and tepal
pigment and shape, it remains to be addressed whether
mucilage bodies might be involved in the natural varia-
tion and connection to solar radiation that we observed
in this study.

Overall, the ample distribution and variety of environ-
ments that M. haageana occupies, opens new avenues
of research to understand local adaptations, how traits
evolved, and the evolutionary history of these natural
variants. However, as in any phenotype characterized in
a common environment, away from the natural distribu-
tion of the species, it remains to be tested whether the
phenotypes in the field are identical to the phenotypes in
the wild; yet we have no evidence to think otherwise. This
is because floral meristems in succulent plants obtain
their resources from their storage parenchyma accumu-
lated over the years, rather than the prevailing soil con-
ditions in a particular reproductive year. This is why we
believe that M. haageana could be a model system to
address relevant questions on the microevolution of suc-
culent plants.

Materials and methods

Plant material

Two species of the genus Mammillaria series Super-
textae were used, M. haageana and its sister species M.
albilanata. The material was obtained from the Jardin
Botanico at Instituto de Biologia, UNAM Cactaceae Col-
lection, where only five subspecies of Mammillaria haa-
geana out of the seven were previously collected from the
field, and deposited as living material for research pur-
poses [15, 16]. Therefore, we used M. haageana subsp.
haageana, M. haageana subsp. conspicua, M. haageana
subsp. meissneri, M. haageana subsp. acultzingensis and
M. haageana subsp. san-angelensis, as identified by CCS
and SA, the cacti taxonomists in our research team. In
the case of Mammillaria albilanata, only two subspecies
were included, M. albilanata subsp. albilanata and M.
albilanata subsp. oaxacana were used as the sister spe-
cies for comparison. The specimens were assigned a code
according to the locality in which they were collected. For
future reference, the set of specimens belonging to a local-
ity were called accessions. This to distinguish them, as we
still do not know whether they can be considered as pop-
ulations. From each plant, four individuals were selected
per accession. In some accessions there were only three
available individuals. From each individual, we aimed to
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collect three flowers in anthesis from each selected plant,
but in some cases, we could only collect one or two flow-
ers. In other words, we aimed at collecting 12 flower
samples per accession, but in some cases we had fewer
(Additional file 1). This gave a total of 28 accessions and
239 flattened flowers (Additional dataset 1).

Morphometric analysis of shape

To obtain images of flattened tepals, first we removed
one of the two rings of tepals (the outer tepals because
often they have bracteole features). Then the remain-
ing perianth was flattened over paper sheets using dou-
ble-sided tape (Double-sided adhesive tape, © Red Top
(18 mm x 20m)). Subsequently, all the sheets of paper
with the flattened perianth were scanned at a resolu-
tion of 1200 dots per inch (DPI) using an Epson Perfec-
tion V550Photo scanner. In this way, two-dimensional
images of the dorsal view of the perianth, and particu-
larly the inner tepals were obtained. From each flattener
flower image, we selected three tepals for geometric mor-
phometric analyses, which involved 699 tepals in total
(Fig. 2a).

To generate allometry models we placed reference
points on the tepal images. In Mammillaria, some part
of the tepal might be fused or emerge deep down from
the pericarpel. However, to simplify our analysis, we
only took into account the portion of the tepal that is not
fused, the tepal lobe. Thus, a 13-point model template
was designed to capture the tepal shape of M. haageana,
and its sister species M. albilanata. The model template
was made of two types of points: primary and secondary
landmarks. The primary landmarks, depicted in Fig. 2a
in light grey, were fixed to distinguishable features of the
tepals, such as the left or right corner at the base of the
tepal lobe, or the tip of the tepal. The base of the tepal
lobe was designated as the lowest point where two tepals
are not fused, and tepals are pigmented. The secondary
points, depicted in Fig. 2a in dark grey, were placed along
the outline of the tepal, in such a way that they were
evenly spaced between the primary landmarks. The point
model was designed with the shape model AAMToolbox
program [25, 26] implemented in the Matlab environ-
ment (Version 7.12.0.635).

To obtain size and shape variables from Cartesian
coordinates, Procrustes Analysis (PA) was implemented
in all images. The PA is a tool that allows comparing
two homologous point configurations from two vari-
ants of the same entity. The first transformation opera-
tion was the translation, based on the displacement of all
the points at a fixed distance in a certain direction. The
second transformation operation was the rotation opera-
tion, which consists of moving all the points using a fixed
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angle around an axis. The third often used transforma-
tion, the scaling method, or uniform change of scale,
was not applied within the study. This was done to take
into account the size variation as an important factor to
quantify, in addition to the shape. The analysis was car-
ried out with capture of 99% of the variation in the values
along the length, width, and curvature of the tepals in the
different accessions. Once the shapes were aligned with
the PA, a Principal Component Analysis was performed
to determine the possible variations in the shape of the
tepals.

Morphometric analysis of color

The same specifications of the PA were applied for the
Analysis of Principal Components of Coloring (PC). In
PC. analysis, all images were warped to the average tepal
shape using the AAMToolbox program [25, 26]. In this
way, instead of comparing the cardinal points, the pix-
els of each of the appropriate shapes were compared. In
total, 30,000 px per image were used based on the RGB
(Red, Green, Blue) color model. That is, each image
presented 10,000 px and, when multiplied by the three
additive primary color components, they gave a total of
30,000 data for the PC,..

Statistical analysis

Principal Component matrices were obtained with the
variances of all the main components, both in shape and
in color. Of the total components obtained, those that
presented modifications in their shape and pigmenta-
tion due to the handling of the material were not consid-
ered for further analyses. In the end, four components
for shape (PCg) and four components for coloring (PC)
were obtained.

To contrast, the normality of the data, a Shapiro Wilk
test was applied. The homogeneity of the variances
between the accessions was evaluated with a Levene-test.
Because the data did not comply with the assumptions of
normality and homoscedasticity, we used non-paramet-
ric statistics. Therefore, the significance between the dif-
ferences in the shape and coloration of the accessions was
determined with a Kruskal Wallis test. Finally, to deter-
mine the pairs of significantly different groups, a post hoc
test (Dunn’s test) was applied on PCg and PC.. All these
downstream data analyses of PCg and PC were done
using in R (version 2.6.2) [27].

Linear Discrimination Analysis was performed on PCA
scores to test the possibility of discriminating the sub-
species using morphological shapes and color patterns.
Besides the LDA analysis, we also performed a phenetic
clustering analysis by using the average PCA values of
the accession. We performed all analyses with the com-
plete dataset, including all accession belonging to the
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subspecies of M. haageana and the data set related to the
sister species M. albilanata.

Correlation to solar radiation variables

We obtained five environmental variables linked to
solar radiation, from the Global Solar Atlas database
[28]: GHI, long-term yearly average Global Horizontal
Irradiation (kWh/m?); DNI, long-term yearly average
of Direct Normal Irradiation (kWh/m?); DIF, long-term
yearly average of Diffuse Horizontal Irradiation (kWh/
m?); GTI, long-term yearly average of Global Irradiation
at Optimum Tilt (kWh/m?); and TEMP, long-term yearly
average of air Temperature (°C). All of them covered a
period of 1999-2018, except for TEMP, which covered
a period of 1994-2008. All variables were obtained in
tif format and adjusted to a 30 arch seconds (approxi-
mately 1km resolution at the Equator). The values were
extracted from the occurrence locations, using the pack-
ages raster ver. 3.4.5 and sp. ver 1.1.4. We used the Pear-
son coefficient to analyze the correlation between the
morphological and solar environmental variables.
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